Introduction
[2] Atmospheric thermal tides are global-scale waves with periods that are harmonics of a solar day, which are mainly excited in the lower and middle atmosphere by the diurnally varying solar radiative heating absorbed by tropospheric water vapor and latent heat release in the troposphere, and the radiative heating absorbed by stratospheric ozone, respectively [Chapman and Lindzen, 1970] . Tides are classified by the time frequency (diurnal, semidiurnal) and the zonal wave number. In the present study, we focus on the diurnal component (i.e., diurnal tides) including its migrating component (Sun-synchronous westward propagating wave number 1 diurnal component; hereafter referred to as DW1). Since the air density decreases with increasing altitude, tidal amplitudes increase as they propagate upward, maximizing in the mesosphere and lower-thermosphere (the MLT) region for diurnal tides. Thus, many previous tidal studies focused on the MLT region using satellite temperature/wind measurements [e.g., Forbes and Wu, 2006; Huang et al., 2006; Wu et al., 2008; Xu et al., 2009; Zhang et al., 2006 Zhang et al., , 2010a Zhang et al., , 2010b , ground-based wind measurements (meteor radars, lidars) [e.g., Vincent et al., 1988; Liu et al., 2007; Lu et al., 2011] , and numerical simulations [e.g., Hagan et al., 1995; Mclandress, 1997; Chang et al., 2008] (see Ward et al. [2010] for the comparison between observations and simulations).
[3] On the other hand, fewer studies focused on tides in the troposphere and the stratosphere, partly because the amplitudes are relatively small and partly because there have been only a few observations which can resolve diurnal variations in this altitude region. However, the tidal variability in the lower atmosphere greatly impacts the tides in the MLT region [e.g., , since it is in the lower and middle atmosphere that tides are principally excited.
[4] Early tidal studies from the troposphere to the stratosphere mostly used in-situ observations such as radiosonde soundings [Wallace and Hartranft, 1969; Wallace and Tadd, 1974; Tsuda et al., 1994; Alexander and Tsuda, 2008] , meteorological rocket soundings [e.g., Reed et al., 1969] , and atmospheric radars [Riggin et al., 2002; Williams and Avery, 1996b] . These studies were mostly done in the tropics to examine the vertical profiles of tides. However, from these single-point observations, it was impossible to estimate the horizontal scale of the observed diurnal variations. That is, it is unknown whether the observed results are caused by tides or by any other local phenomena.
[5] Global tidal studies were made possible by satellite observations such as the Nimbus-7 Limb Infrared Monitor of the Stratosphere (LIMS) [Hitchman and Leovy, 1985; Lieberman, 1991] and the Upper Atmosphere Research Satellite (UARS) Microwave Limb Sounder (MLS) [Wu et al., 1998] , and by space shuttle observations such as the Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere (CRISTA) [Ward et al., 1999] . Within the last few years, tidal temperature structures from the troposphere to the stratosphere have been examined in more details using longer-term data sets from the Thermosphere-Ionosphere-Mesosphere-Energetics and Dynamics/Sounding of the Atmosphere using Broadband Emission Radiometry (TIMED/SABER) (above 20 km in altitude) [Mukhatrov et al., 2009; Huang et al., 2010] , and from the GPS radio occultation measurements (GPS-RO) made from the CHAllenging Minisatellite Payload (CHAMP) satellite and the Constellation Observing System for Meteorology, Ionosphere, and Climate (COSMIC) satellites (between 5 km and 35 km in altitude) [Zeng et al., 2008; Pirscher et al., 2010; Xie et al., 2010] . These studies mainly focused on the DW1 and revealed its the basic latitudinal-vertical structure and the seasonal variations in the stratosphere. Nevertheless, the information obtained from these observations is still limited; for example, only temperature data for 50 S-50 N/ 5-35 km and 50 S-50 N/20-120 km are obtained for GPS-RO and SABER, respectively.
[6] Another potentially useful data set for tidal studies is the global meteorological analysis (operational)/reanalysis data, which have been widely used for meteorological and climatological studies from the troposphere to the stratosphere over the last decade. The main advantage of these data sets is that various operational observations from the surface to the stratosphere ($50 km) are assimilated into selfconsistent first-principle models, leading to uniformly gridded and globally available data for several variables (e.g, temperature, wind, geopotential) up to the stratosphere-lower mesosphere (1-0.1 hPa in pressure; see Table 1 for details on each reanalysis). These data sets are 3-hourly or 6-hourly, so that they are suitable for tidal studies from a global perspective. In fact, several studies examined surface pressure tides, using (re)analyses [van den Dool et al., 1997; Dai and Wang, 1999; Ray, 2001; Ray and Ponte, 2003; Saha et al., 2010] .
[7] Here it should be noted that (re)analysis data heavily depend on models (not on observations), particularly in the stratosphere and the mesosphere, where there are limited operational observations assimilated. Thus, validation is needed before using (re)analyses in this altitude region. However, very few validation studies, which are introduced in the following paragraph, have been conducted in this region. This is partly because there were only a few observational data sets that were independent of (re)analyses (i.e., not assimilated).
[8] From the troposphere to the lower stratosphere (below 22 km), Sakazaki et al. [2010] compared horizontal diurnal winds in six reanalyses with those observed with the middle atmosphere (MU) radar at (35 N, 136 E) for 23 years and showed that reanalyses reproduce diurnal winds reasonably well. Pirscher et al. [2010] , using the National Centers for Environmental Prediction (NCEP) and the European Centre for Medium-range Weather Forecasts (ECMWF) forecast data (not (re)analysis data) for two years, also showed that they are in agreement with COSMIC data between 8 km and 35 km. On the other hand, Swinbank et al. [1999] compared the DW1 in GEOS-2 (an old version of GEOS-5) with that in MLS to show that the stratospheric amplitudes in GEOS-2 are smaller than those in MLS due to the assimilation of temperature data from TIROS Operational Vertical Sounder (TOVS).
[9] Since 2002, the SABER instrument on TIMED spacecraft has been observing temperatures from 20 km to 120 km. The horizontal grids in longitude Â latitude, number of vertical grids, and temporal resolution for the data sets used in this study. b T means the truncation horizontal wave number, and Tn corresponds to $ (120/n) grids. The horizontal resolution for ERA-Interim is T L 255 with N128 reduced Gaussian grids, which corresponds to $79 km globally. L means the number of vertical levels.
Because the local time of the SABER measurements varies slowly from day to day, tidal variations can be deduced from these data sets [e.g., Zhang et al., 2006] . Note that SABER data are not assimilated in reanalyses, making it possible to use SABER data to evaluate reanalysis data. The purposes of this study are, first to compare diurnal temperature tides in reanalyses with those in SABER for five years between 2002 and 2006 to assess whether reanalysis data can be used for tidal studies, and then to investigate the characteristics of the diurnal temperature tides from the troposphere to the lower mesosphere for the whole latitude range mainly using reanalyses. One of the concerns about the SABER data is the sampling issue related to the slow local time precession of the satellite [e.g., Zhang et al., 2006; Xu et al., 2007 Xu et al., , 2009 . This issue will also be examined by using reanalyses. In addition, the results from the Global Scale Wave Model (GSWM), which are widely used in tidal studies, are assessed for the DW1 in the lower atmosphere.
[10] In this paper, we first compare the horizontal/vertical structures of diurnal tides including the DW1, determined from SABER and reanalysis data. At the same time, the sampling issues are examined by comparing diurnal tides from reanalysis data sampled following the SABER measurements with those from all available reanalysis data. Then, by using these data as well as GSWM09 results, the characteristics of diurnal tides (particularly the DW1) are examined in detail. We focus on the results from MERRA data, while the results from other reanalysis data are briefly described. The remainder of the manuscript is organized as follows. Sections 2 and 3 describe the data sets and analysis methods, respectively. Sections 4 shows the results of the diurnal component including the DW1 for SABER, reanalyses and GSWM, and discusses the sampling issues in SABER. Section 5 summarizes the main findings. In a companion paper, the underlying dynamics of DW1 for basic features, vertical structures from the tropical troposphere to the lower stratosphere, and seasonal variations from the tropical stratosphere to the lower mesosphere, will be investigated.
Data Sets

SABER
[11] The SABER instrument was launched onboard the TIMED satellite on December 7, 2001. It measures CO 2 infrared limb radiance from approximately 20 km to 120 km altitude and retrieves the kinematic temperature profiles. In this study, Version 1.07 temperature data on pressure levels [Remsberg et al., 2008] from March 2002 through December 2006 for five years are analyzed. The latitude coverage on a given day extends from about 53 in one hemisphere to 83 in the other. About every 60 days, the satellite performs yaw maneuvers so that for the region polewards of 53 , data are obtained every 60 days. The local time of SABER measurements changes by about 12 min from day to day, so that the diurnal local-time variations can be examined by collecting data for 60 days (120 days) in the region of 53 S-53 N (poleward of 53 N and 53 S). In this study, the data at 50 S-50 N, where sampling is unaffected by the yaw maneuvers, are used for investigating diurnal tides. Before the further analysis as detailed in section 3, data have been averaged in bins of 5 in latitude and 2 km in log-pressure vertical coordinates (z * ) defined as z * = À H log(p/p0), where H = 7 km is the approximate scale height, p is pressure level and p 0 = 1000 hPa is the reference pressure. Hereafter, z * (km) is simply referred as "altitude".
Reanalysis Data
[12] We use six reanalysis data sets (see Table 1 ): (1) the Modern Era Retrospective analysis for Research and Applications (MERRA) [Rienecker et al., 2011] , (2) the ECMWF reanalysis (ERA-Interim) [Dee et al., 2011] , (3) the NCEP Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010] , (4) the Japanese 25-year reanalysis by Japanese Meteorological Agency (JMA) and the Central Research Institute of Electric Power Industry (CRIEPI) (JRA25) [Onogi et al., 2007] , (5) the NCEP/National Center for Atmospheric Research (NCAR) reanalysis (NCEP1) [Kalnay et al., 1996] , and (6) the NCEP and Department of Energy (DOE) Atmospheric Model Intercomparison Project (AMIP-II) reanalysis data (NCEP2) [Kanamitsu et al., 2002] .
[13] The temporal resolution of the MERRA data set is eight-times daily at 0000, 0300, 0600, 0900, 1200, 1500, 1800, 2100 UTC, while the other five reanalyses resolutions are four-times daily at 0000, 0600, 1200, and 1800 UTC. The horizontal spacing for each data set is the following: 0.5 Â 0.5 for CFSR, 1.25 Â 1.25 for MERRA and JRA25, 1.5 Â 1.5 for ERA-Interim, and 2.5 Â 2.5 for NCEP1 and NCEP2. The number of pressure levels for each data set is the following: 42 for MERRA, 37 for ERA-Interim and CFSR, 23 for JRA25, and 17 for NCEP1 and NCEP2, with top levels at 0.1 hPa for MERRA, 1 hPa for ERA-Interim and CFSR, 0.4 hPa for JRA25, and 10 hPa for NCEP1 and NCEP2. The details about the model used in each reanalysis are also shown in Table 1 .
[14] Reanalyses assimilate 6-hourly observations, so that the signals of observed diurnal variations are included. In the stratosphere during 2002-2006, radiances (MERRA, ERA-Interim, CFSR and JRA25) or retrieved temperatures (NCEP1 and NCEP2) from TOVS and Advanced TOVS (ATOVS), radiances from EOS-Aqua (MERRA, ERA-Interim and CFSR), and GPS-RO (ERA-Interim and CFSR) are assimilated (see Table 2 ). These observations provide data only up to $50 km; but they greatly influence further upper regions through model calculations (J. Bacmeister, personal communication, 2010) . For data assimilation, JRA25, NCEP1 and NCEP2 use 3D-Variational technique (3D-Var) [e.g., Japan Meteorological Agency, 2002; Parrish and Derber, 1992], while ERA-Interim uses 4D-Var [e.g., Courtier et al., 1994] . MERRA and CFSR uses 3D-Var based on the Grid-point Statistical Interpolation scheme (GSI) [e.g., Wu et al., 2002] . Furthermore, MERRA uses the incremental analysis update (IAU) approach [Bloom et al., 1996] to avoid shocking the model calculations at 6-hourly assimilation.
[15] We analyze the reanalyses data for the five-year period from 2002 to 2006, the same period that characterizes the SABER data. It should be again noted that SABER data are independent of these reanalyses; that is, they are not assimilated in these reanalyses.
GSWM09 Data
[16] In addition to these observational data, DW1 temperature tides from the GSWM are presented in section 4.2. The GSWM is a 2-D (latitude and altitude) linear numerical tidal model [Hagan et al., 1995 [Hagan et al., , 1999 . We use results from the latest version (GSWM09) reported by Zhang et al. [2010a Zhang et al. [ , 2010b , who ran the GSWM with the tropospheric heating derived from International Satellite Cloud Climatology Project (ISCCP) radiative heat fluxes and Tropical Rainfall Measuring Mission (TRMM) latent heating profiles from 2002-2006, and with the stratospheric heating estimated from Halogen Occultation Experiment (HALOE) measurements made during 1992-1997 (below 50 km) and Microwave Limb Sounder (MLS) measurements made during 1991-1993 (above 50 km) [see Hagan et al., 1999] . Note that the period used to calculate tropospheric heating (2002) (2003) (2004) (2005) (2006) , which is most important for DW1, is the same as the analysis period for the observation data (reanalysis/SABER), so that we can directly compare the results between observations and GSWM09. The validation of GSWM data in the lower atmosphere is important because GSWM data have often been used as a reference of realistic tides (e.g., as the lower boundary tidal condition (at 30 km) for the TIME/ GCM ) without detailed assessments in the lower atmosphere. Unlike SABER and reanalyses, GSWM09 data are provided in geometric altitude.
Methods
[17] For temporally continuous data such as atmospheric radar data [e.g., Sakazaki et al., 2010] , diurnal variations are obtained simply by producing the local-time composite using all data in the period concerned. In contrast, for SABER data, due to the slow local time precession of the satellite, tidal components derived from the "simple local-time composite" could suffer from sampling issues due to changes in the background (longer than a day) temperature with time [Forbes et al., 1997] . To avoid this problem, we extract diurnal variations following the method proposed by Forbes et al. [2008] , which is described below.
[18] First, we prepare daily data averaged in bins of 24 in longitude, 5 in latitude, and 2 km in log-pressure altitude, for each ascending and descending node. In this case, each bin stores at least one data point every day (this is because the number of orbit is 15 per day and thus the measurement is made every 24 (i.e., 360 /15 = 24 ) in longitude for a given day). Next, a time series of 60-day running mean temperatures is calculated for each bin (both ascending and descending data are used for calculation). The 60-day data cover 24 LT so that the 60-day running mean is regarded as the daily mean component with no tidal information. Note that as for SABER, the 60-day window is the minimum amount of time needed for calculating the daily mean. Then, the 60-day running means are subtracted from the original temperatures at each day to obtain a 5-year time series of residual temperatures, for each bin and for each ascending and descending node. At this stage, it is expected that the effects of changes in background temperature have been reduced. Finally, for each month at each longitude-latitude-altitude bin, the residuals (i.e., 60-day data centered on 15th of the month from the five years) are binned and averaged within 1-hr local time bins, and the diurnal harmonic component (i.e., amplitude and phase) is extracted using the least square fitting technique. The actual fitting accounts for the diurnal and semidiurnal harmonic components. Here, the phase is the local time when the component maximizes.
[19] For the reanalysis data sets, we determine the diurnal component in two different ways. One is obtained from the SABER perspective. That is, we prepare a subset of the reanalysis data that correspond to the times and locations when and where the SABER measurements are made. We extract the data at the closest grid point to the SABER measurements, while these data are interpolated onto the SABER measurement altitude levels and times, respectively using a cubic spline method. Then, the reanalysis diurnal component is determined using exactly the same method described above for SABER. This diurnal component is denoted as S-; e.g., S-reanalysis or S-MERRA.
[20] The second diurnal component is obtained using all of the reanalysis data. That is, we develop local-time composites using 60-day 3(6)-hourly five-year averages for each month and extract the diurnal component, which we denote as A-; e.g., A-reanalysis or A-MERRA.
[21] To summarize, we prepared three sets of diurnal temperature for each month: (1) SABER, (2) S-reanalysis and (3) A-reanalysis. Comparisons between SABER and S-reanalysis allow us to validate the diurnal component in the reanalysis data. Comparisons between S-reanalysis and A-reanalysis quantify the sampling issues associated with the SABER measurements. Thereafter, the migrating component (i.e., the DW1) is extracted from the diurnal component of SABER, S-reanalysis and A-reanalysis, using the method proposed by Haurwitz and Cowley [1973] . The results are discussed in section 4.2. For the detailed examination of DW1 characteristics in section 4.2, we use A-reanalysis data from 30-day (not 60-day) data for each month.
[22] The comparisons in daily mean and standard deviation which is composed of all waves including tides are additionally made using SABER and S-reanalysis in Appendix A. This information aids the interpretation of our tidal intercomparisons.
Results
[23] In this section, we inter-compare and examine the diurnal temperatures from SABER, S-reanalyses and A-reanalyses. Also, we point out that there still remain sampling issues inherent in SABER measurements, even after removing the 60-day running mean. We focus on the reanalysis results from MERRA data due to its comparatively higher altitude extent and temporal resolution. In section 4.1, SAKAZAKI ET AL.: DIURNAL TIDES IN SABER AND REANALYSES D13108 D13108 diurnal component with all zonal wave numbers is examined, while in section 4.2 the DW1 is the focus with the results of GSWM09 being shown as well.
Diurnal Component With All Zonal Wave Numbers
[24] Figures 1 and 2 show longitude-latitude distributions of diurnal amplitude and phase, respectively, at 20, 30, 40, 50, and 60 km in January as derived from SABER data (left panels), S-MERRA data (middle panels) and A-MERRA data (right panels). In Figures 1a and 1b , considerably large amplitudes are detected poleward of $40 N between 20 and 50 km. The largest values of 5-8 K appear at 40-50 km. However, these signals are not observed in Figure 1c . The phase difference is also large between S-MERRA and A-MERRA data for this region (Figures 2b and 2c) . These findings suggest that the SABER diurnal component in this latitude-altitude region suffers from sampling issues, even though 60-day running mean has been removed in advance. By analyzing the results in other months, it is found that the difference between SABER/S-MERRA and A-MERRA is large at middle latitudes in the winter hemisphere (not shown). Other reanalyses show similar results for the difference between S-and A-reanalyses.
[25] In contrast, the region of 50 S-30 N is considered to be free from the sampling issues in January, because the difference between S-MERRA and A-MERRA is negligible (Figures 1 and 2) . However, the amplitude of these "true" diurnal tides shows a quantitative difference between SABER and S-MERRA. Figure 3 shows vertical profiles of differences in diurnal amplitudes (Figures 3a-3c ) and phases (Figures 3d-3f ) between SABER and S-reanalysis, for three different latitude regions. In order to remove the effects of sampling issues in the winter hemisphere, the values at 50 S-20 S (20 N-50 N) are calculated only using summer data from October-March (April-September), while the values at 20 S-20 N are calculated using data from all months. The amplitude differences are <0.5 K below 40 km but increase with altitude to 1-2 K at 50-60 km. The relative ratio of difference is <20% below 40 km while it reaches 30-50% at 50-60 km. In contrast, the difference in phase is <2 hr for the whole altitude region. The large amplitude differences at 50-60 km are also confirmed in Figure 1 . Note that the quantitative difference in amplitudes shown in Figure 3 does not depend on longitude. Here it is interesting that the standard deviation composed of all waves including tides does not change between SABER and reanalyses ( Figure A2 in Appendix A), compared to that of diurnal tides. When comparing the results of tides among the reanalyses (Figure 3) , the stratospheric amplitudes in CFSR at middle latitudes are $0.5 K smaller than the others. However, the difference among the reanalyses in the stratospheric diurnal tide is relatively small, compared to the large variability among the reanalyses in the daily mean ( Figure A1 in Appendix A).
[26] Note that MERRA results have been obtained with 3-hourly data. It is confirmed that the results do not change even if 6-hourly sampled MERRA data are used (not shown). The difference in amplitude (phase) between the 3-hourly and 6-hourly results is <10% (<1 hr) both for S-MERRA and A-MERRA. Thus, it is suggested that the difference between SABER and reanalysis does not depend on the time resolution of the reanalyses. We also examined SABER and S-reanalysis obtained from data at reanalysis measurement time (i.e., data are picked up 3-hourly in UT for MERRA) but the results did not change (not shown).
[27] Apart from the quantitative differences, the qualitative features of the SABER and MERRA diurnal tides are similar. As seen in Figures 1 and 2 , at 50 S-30 N, the amplitudes and phases are roughly zonally uniform at all altitudes, indicating the dominance of migrating component (i.e., DW1) in both data sets. Detailed features of DW1 are described below in section 4.2. Superposed on these zonally uniform features, the amplitudes at 20-40 km have three or four peaks over the tropics (e.g., at 30 km, the maximum over the tropics appear at 330 E-30 E, 120 E and 240-270 E). At 50 km, we observe another clear wave-4 pattern in the amplitudes at midlatitudes in the Southern Hemisphere (SH). This pattern is also discernable at 40 km and 60 km, although the amplitudes are smaller than at 50 km. The phase also shows a corresponding wave-4 structure in the SH at 40-50 km. This wave-4 pattern is attributed to the DW1 and the propagating zonal wave number 3 component (DE3). That is, the amplitude (A) of superposition of two components: DW1 (C exp(i(wt + l À f C ))) and DE3 (D exp(i(wt À 3l À f D ))), is represented as,
resulting in four amplitude peaks in longitudes unless D/C is negligibly small. Here, C and D are amplitudes of DW1 and DE3, respectively; w = 2p/24 (hour À1 ); t is universal time (UT) in hours; l is longitude in radian; f C and f D are phases of DW1 and DE3 respectively. In the present case, C $ 2 K (Figure 5c ) and D $ 1 K (see Figure 4) , resulting in the wave-4 pattern of A which takes a value of 1-3 K from equation (1), as observed in Figure 1c . The existence of DE3 is demonstrated in Figure 4 which shows the time series in UT for diurnal non-migrating temperature tides at 50 km in January as derived from A-MERRA data. We see that a clear zonal wave number 3 pattern is traveling eastward with time in the SH (20 S-50 S). This DE3 and the DW1 interfere each other, mainly producing amplitude maxima/minima distributions in the SH in Figure 1 . These wave-4 patterns in the amplitudes in the SH are most clear in this season. In July, a wave-3 pattern in the amplitudes is discernable in the Northern Hemisphere (NH) although it is less organized (not shown).
Diurnal Migrating Component (DW1)
[28] In this subsection, the DW1 is examined. Figure 5 shows the latitude-altitude DW1 temperature amplitudes and phases, respectively, for SABER, S-MERRA and A-MERRA during January. We see that the considerably large amplitudes observed at 30-50 N, 35-55 km in SABER and S-MERRA are not observed in A-MERRA. This is due to the SABER sampling issues as discussed in the preceding section. Therefore, the DW1 deduced from SABER also has non-negligible aliasing effects particularly in the winter stratosphere. For other regions, as shown in section 4.1, the difference between S-MERRA and A-MERRA is small, indicating negligible sampling issues. For these "true" DW1, we see that the distributions of amplitude maxima/minima and those of phase in SABER are reproduced by MERRA quite well, although the stratospheric amplitudes are 30-50% smaller in S-MERRA than in SABER.
[29] Bearing in mind the SABER's sampling issues and the quantitative difference between SABER and A-MERRA, the latitudinal-vertical structures and their seasonal variations of DW1 are examined in detail for the whole latitude-altitude range in the lower atmosphere. Figures 6 and 7 show latitude-altitude distributions of amplitude and phase, respectively, of DW1 temperature in January, April, July and October, as derived from SABER, A-MERRA and GSWM09. As noted in section 3, hereafter A-reanalysis data is derived from 30-day data for each month. For SABER, data in January (July) are shown only for 50 S-30 N (30 S-50 N), where sampling issues are negligible. Again, the amplitude/phase distributions in SABER are basically reproduced by MERRA throughout the year. On the basis of this finding, we can examine the DW1 for the whole lower atmosphere using MERRA. MERRA results show that the characteristics are distinctly different between the tropics (30 S-30 N) and latitudes poleward of 30 . The amplitudes basically maximize in the tropics, where they increase with altitude, reaching 3-4 K in the lower mesosphere. A local minimum is seen at $50 km. In this latitude region, the phase shows a downward progression above the tropopause. The distributions of amplitudes/phases are nearly symmetric about the equator in April and October, while they exhibit anti-symmetric structure particularly in January and July. In January, for example, the amplitude in the tropics is larger in the SH at 20-30 km, in the NH at 30-40 km, in the SH at 40-50 km, and in the NH at 50-60 km. At midlatitudes, in contrast, double maxima of 2-3 K are seen in the upper stratosphere (40-50 at $50 km). The maximum in the summer hemisphere is larger than that in the winter hemisphere (see the panels for January and July). The phase in this region is almost constant with altitude at $18 LT throughout the year.
[30] The results of GSWM09 are compared with those from SABER/MERRA. The basic features found in SABER and MERRA are reproduced by GSWM09 reasonably well. However, we observe in GSWM09 that the tropical antisymmetric structure in January and June is too weak and that the amplitude maximum in midlatitude upper stratosphere is 50-60% (30-50%) smaller than that in the SABER (MERRA). Also, the latitude extent where a vertical phase propagation occurs from the tropical stratosphere to the lower mesosphere is much broader in the GSWM09 (70 S-70 N) than in the SABER and MERRA (50 S-50 N). The possible reasons for these discrepancies will be discussed in our companion paper.
[31] We also show the DW1 results from different reanalyses. Figures 8 and 9 show latitude-altitude distributions of amplitude and phase, respectively, of DW1 temperature in January from ERA-Interim, CFSR, JRA25, NCEP1 and NCEP2 for A-reanalysis data. The basic structures in the stratosphere are similar among reanalyses (including MERRA shown in Figures 6b and 7b) both for amplitude and phase, although the amplitude at $30 km is smaller in the NCEP1 and in the NCEP2 than in the other reanalyses and the amplitude maxima in midlatitude stratosphere are relatively smaller in CFSR and JRA25 (also see Figure 3 ). Other months show similar results for the above findings (not shown).
[32] Next, the vertical structure from the tropical troposphere to the lower stratosphere is examined. Figure 10 shows vertical profiles of amplitude and phase of DW1 temperature at the equator (0 N) in January for the different data sets. Although the SABER data coverage is limited for this altitude region, most reanalysis data sets (MERRA, ERA-Interim and CFSR) show that the amplitude is almost constant at $0.3 K up to $15 km, and shows a local maximum at $20 km. Above 25 km, the amplitude shows an exponential growth. The phase is almost constant at $18 LT up to $15 km, and shows a downward progression above $15 km with a vertical wavelength of $25 km, indicating an upward propagating tide. These features are observed basically throughout the year (not shown). These observed features are quantitatively consistent with the observed finding from GPS-RO data [Zeng et al., 2008] and are reproduced by GSWM09 reasonably well (dashed curves in Figure 10 ). It is noted that the amplitude structures of JRA25, NCEP1 and NCEP2 are different from those of the other data sets above 15 km.
[33] Finally, the seasonal variations of DW1 are examined. We found two distinct signatures of seasonal variation in the stratosphere as seen in Figure 6 . First, the amplitudes in the midlatitude upper stratosphere are larger in the summer hemisphere than in the winter hemisphere. Second, the DW1 amplitudes at 50-60 km are largest in the tropics in January. The latter feature is further discussed in the following. Figure 11 shows tropical latitude versus month distributions of DW1 temperature amplitudes at different altitudes for 30 S-30 N, as derived from SABER, MERRA and GSWM09. SABER and MERRA basically show similar features in the stratosphere. Above 20 km, the amplitude maximizes twice in January-February and in July-August-September. These maxima are largely anti-symmetric with respect to the equator; that is, the maxima occur at 5-10 N/S. The characteristic seasonal variations are consistent with previous studies (above $30 km) with the MLS [Wu et al., 1998 ], GPS-RO [Zeng et al., 2008; Xie et al., 2010] and SABER [Mukhtarov et al., 2009; Huang et al., 2010] . It is also found from MERRA data (at $10 km) that the above seasonal variations are not observed in the troposphere, where the amplitude basically maximizes in the summer hemisphere. GSWM09 show similar results to SABER and MERRA; however, as noted in Figures 6 and 7 , the tropical anti-symmetric behavior during solstice is considerably smaller in the stratosphere. The ERA-Interim and CFSR reanalyses results show similar seasonal variations to MERRA; JRA25 shows qualitatively similar results, although the amplitudes are reduced at some altitudes. In contrast, the seasonal variations in NCEP1 and NCEP2 are totally different at $30 km, which is at the top of their altitude range (not shown).
Discussion and Concluding Remarks
[34] We analyzed diurnal tides in temperature using 2002-2006 data from SABER and six reanalysis data sets. We examined sampling issues through comparisons between S-MERRA and A-MERRA data, and found that the diurnal component in the winter stratosphere extracted from SABER data suffers from sampling issues, even though the 60-day running mean was removed in advance. We further investigate the causes of these sampling issues below. Figure 12 shows the time series of temperature at two grid points (35 N, 216 E) and (35 S, 216 E), both at 50 km in January, 2003. The former location suffers from sampling issues, while the latter is free from the problem as previously indicated in the discussion of Figure 1 . A diurnal component of order $5 K amplitude is dominant at both locations (Figure 12 ). Superposed on the diurnal component, the background temperature in the NH shows a strong variability with a timescale less than $60 day. This is caused by strong Rossby-wave activity in the winter Hemisphere. The variability of this timescale is not captured by the 60-day running mean (thick solid line) and thus spuriously contaminated into the observed diurnal component. In contrast, there is little variability in the background temperature for the SH during this period, enabling the satellite to detect the diurnal component without sampling issues. The strong (weak) variability due to Rossby waves at the winter (summer) hemisphere midlatitudes is observed almost every year during 2002-2006 (not shown) . It is suggested that tides extracted from satellite observations should be viewed with caution, when there is strong subseasonal variability of the atmosphere. Further experiments for a simple case show that during a particular month, the background temperature variability with the period of 30-60 days, which are strong in winter hemisphere stratosphere, seems most related to the sampling issues (see Appendix B for details). As discussed in Appendix B, the variations with a period of 10 days, which appear to be most dominant in Figure 12 , are not substantially aliased into the diurnal component.
[35] The lower and middle atmosphere outside of the winter hemisphere stratosphere is largely free from sampling issues.
With the comparison between SABER and S-reanalysis data, it is shown that the reanalyses capture the diurnal tidal features (i.e., horizontal/vertical distributions of amplitude and phase and their seasonal variations) observed by SABER reasonably well, except that amplitudes of reanalyses from the upper stratosphere to the lower mesosphere are 30-50% smaller than those of SABER. Thus, it is suggested that reanalyses can be used for tidal studies at least from a qualitative perspective. The reanalysis data sets could be used as lower boundary conditions to account for tides in upper atmosphere models (e.g., TIME-GCM), or for revealing the subseasonal tidal variability that cannot be captured by satellite observations such as the SABER.
[36] The plausible causes of diurnal amplitude difference between SABER and reanalyses from the upper stratosphere to the lower mesosphere are complex. They could be damping effects (i.e., "sponge layer") in the upper part of the forecast model used for the reanalyses or compatible biases of assimilated radiances from different satellite instruments (S. Pawson, personal communication, 2011) . TOVS data assimilation might be also a possible candidate, as suggested by Swinbank et al. [1999] . It is worth noting that the standard deviation which is composed of all waves including tides does not change between SABER and reanalyses, compared to that for diurnal tides. Experiments with and without data assimilation using a model whose upper boundary is sufficiently high might provide additional clues.
[37] A clear wave-4 structure in the diurnal amplitudes was discovered in the SH midlatitude region at 40-60 km. This may be explained by the superposition of DW1 and DE3 components. The DE3 was reported in the tropics in previous studies, and was attributed to wave-4 tropospheric diabatic heating in the tropics that is influenced by land-sea distributions [e.g., Tokioka and Yagai, 1987; Williams and Avery, 1996a] . The DE3 in the SH upper stratosphere, however, is a new observational finding as far as the authors know. The midlatitude maximum may be partly explained by the fact that eastward propagating waves (e.g., DE3) are ducted in the easterly background winds so that local angular frequency of tide becomes larger than the local Coriolis frequency [Ekanayake et al., 1997; Zhang et al., 2011] . The longitudinal dependency of ozone heating in the upper stratosphere might also be related. Further discussion is beyond the scope of this paper.
[38] The DW1 in the lower atmosphere was comprehensively examined. It was found that the characteristics are different between the tropics and the middle latitudes. The amplitude basically maximizes in the tropics, where the phase is constant as $18 LT within the troposphere and shows a downward progression from the stratosphere to the lower mesosphere. At middle latitudes, the amplitude maximizes in the upper stratosphere, while the phase is constant as $18 LT from the troposphere to the lower mesosphere. The DW1 shows intriguing seasonal variations from the tropical stratosphere to the lower mesosphere; the amplitude maximizes in January-February and in July-September, with an anti-symmetric structure being dominant.
[39] GSWM09 data were compared with SABER and reanalyses for the DW1. The basic features and seasonal variations found in SABER and reanalyses were reproduced reasonably well in GSWM09. However, the anti-symmetric structure in the tropics is too weak in GSWM. Also, the amplitude at middle latitudes in the upper stratosphere are considerably smaller than SABER and MERRA. [40] We mainly focused on the results from MERRA in this report. The difference in the diurnal tides among the reanalyses is relatively small, compared to that in the daily mean temperature. Nevertheless, ERA-Interim and CFSR reanalysis show the most similar results to those from SABER and MERRA. Vertical profiles from the tropical troposphere to the lower stratosphere in JRA25, NCEP1 and NCEP2 are different from those in MERRA. Also, the seasonal variations in the NCEP reanalyses are different from those in other data sets. Thus, we recommend the use of MERRA, ERA-Interim and CFSR for realistic tidal studies based on reanalyses, again with a caution that the amplitudes are small in the upper stratosphere to lower mesosphere.
[41] In our companion paper, the dynamical processes of observed DW1 will be investigated using MERRA reanalysis data, because the observed and modeled latitude-altitude structures are found to be captured by this data set.
Appendix A: Comparison in the Daily Mean and Standard Deviation [42] In this section, we briefly show the results of comparison in the daily mean and the standard deviation (STD) between SABER and reanalyses. SABER data at 83 S-83 N in 2002-2006 are used for analysis. For reanalyses, the data at SABER measurement location/time are used for calculation (see section 3 for the method).
[43] Using these data, (1) the difference in the daily mean from the SABER (hereafter referred as S-DIF) and (2) the STD, are calculated. The S-DIF is defined as,
where n is total number of data, and T R and T S are temperatures from reanalyses and SABER, respectively. By definition, this quantity is regarded as the difference in daily zonal mean temperature. Note that Remsberg et al. [2008] reported that SABER Version 1.07 temperature data are too high by 1-3 K in the lower stratosphere (below $40 km) but then too low by 1 K from the upper stratosphere to lower mesosphere (at 40-60 km), by comparing them with other satellite observation data, lidar data, and analysis data.
[44] Figure A1 shows vertical profiles of S-DIFs for 2002-2006 from six reanalyses averaged over different latitude regions: 80 S-50 S, 50 S-20 S, 20 S-20 N, 20 N-50 N and 50 N-80 N. Below 30 km, all reanalyses basically show S-DIFs of À3 K to À1 K except at $20 km of 20 S-20 N. These negative S-DIFs are probably due to the positive bias in SABER of 1-3 K at these altitudes reported by Remsberg et al. [2008] ; in other words, the bias in reanalysis temperatures (here, the bias means the deviation from the "true" value) can be $ AE1 K in this altitude region. Above 30 km, S-DIFs are largely different among the data sets. Considering the positive bias of 1-3 K (the negative bias of 1 K) in SABER below 40 km (at 40-60 km) [Remsberg et al., 2008] , the MERRA performs best in reproducing the daily mean temperature in SABER. Considering the S-DIF and the bias in SABER, the bias in MERRA is estimated to be $ AE1 K below 35 km, À3 to 1 K at 35-50 km and 4-5 K at $60 km.
[45] Figure A2 shows vertical profiles of the STD for 2002-2006 from SABER and six reanalyses averaged over the five latitude regions. It is seen that the STD is largest ($15 K) in the stratosphere at mid-high latitudes, which would be largely caused by Rossby waves. We notice that the difference between SABER and reanalyses is small ($10%), compared to the difference in the diurnal component only (30-50% at the maximum; section 4.1).
Appendix B: Sampling Issues due to Background Temperature Changes
[46] It is found that diurnal variations extracted from SABER measurement data suffer from sampling issues even after the 60-day running mean has been removed. In this section, we examine what kind of background temperature changes generates the spurious diurnal tides for SABER measurements (a similar discussion was made for MLS measurements by Forbes and Wu [2006] ). Figure B1 shows the local time of SABER measurements at the equator and at 50 N in 2003. The discontinuity in each panel (e.g., 15 January) shows the occurrence of yaw maneuver. The change in measurement local time with longitude (orbit) is negligible during a day (<12 min). Also, the measurement local time on a given day of the year does not change considerably during the analysis period (e.g., the measurement time for ascending node at 50 N at the day 100 of 2002 (2006) is 1.1 LT (0.7 LT)). Thus, the following discussion is made for 2003.
[47] We consider a simple case where there are no diurnal variations. It is assumed that the background temperature changes in a form of
where A is amplitude, w is time frequency, t is time (day), and a is phase (rad). In the case that 60-day running mean has been removed for each t, the residual temperatures must satisfy the following condition for any t: where T p = 60 (days). That is,
where T w = 2p/w (day) is time period. In other words, those waves satisfying equations of (B1) and (B3) can be contaminated into diurnal variations as observed using the present analysis method (section 2.1).
[48] Generally, when A is given, the contamination depends on the following four factors: (1) latitude, (2) month, (3) frequency (T w ) and (4) phase (a). Thus, the spurious diurnal component is calculated from 50 S to 50 N every 5 , for each month (the actual calculation is made using 60 day data; see section 3.2), for T w = 60, 30 and 15 (day), and for a = 0, p/4, p/2 and 3p/4, with A = 1 (K). Since A is constant, the results are regarded as the "efficiency" of contamination.
Here, because we do not consider the "true" diurnal variations, the ascending and descending nodes are assumed to observe the same temperature for each day, but at different local times (e.g., Figure B1 ). Figure B2 shows an example of how the contamination occurs in the case of 50 N, January, T w = 60 and a = 0. In this case, it is found that the spurious diurnal component has an amplitude of $80% of A. The spurious semidiurnal component also has a non-negligible amplitude, although the semidiurnal tides are not treated in the present study. Figure B3 shows the month-latitude distributions of the spurious diurnal amplitudes for the different values of T w and a. Although the dependence on phase (a) is somewhat complex, it can be said that higher latitude regions with longer wave periods are more sensitive to the sampling issues. The latitudinal dependency is caused by the fact that the difference of the measurement local time between ascending and descending nodes is close to 12 LT at lower latitude regions ( Figure B1 ). Furthermore, the months when there are no yaw maneuvers (February, April, June, August, October and December; see Figure B1 ) have a smaller impact from the contamination.
[49] It is found in Figure B2 that the contamination is large in mid-to-high latitude regions of winter hemisphere stratosphere, with some longitudinal dependency. From the above discussion, in a particular month, the variability with T w = 30-60 (day) mainly results in the contamination, while the latitudinal dependency of the efficiency of contamination also plays a role. In fact, a spectral analysis on reanalysis data shows that the components with T w = 30-60 (day) have large amplitudes in the region where large contamination are observed in Figure 1 (not shown). In addition, those components have amplitudes of 4-7 K at 40-50 N at 40-50 km in January (cf. Figure A2) ; the spurious diurnal amplitudes are estimated from Figure B3 to be $5 K. This is roughly consistent with the spurious diurnal amplitudes of 5-8 K as observed in Figure 1. [50] Acknowledgments. NCEP1 and NCEP2 data were provided by the NOAA/OAR/ESRL PSD. ERA-Interim data were provided by the ECMWF through their Web site. JRA25/JCDAS data were provided by the JMA and CRIEPI. MERRA data were provided by NASA/GSFC/ GMAO. CFSR data were provided through NOAA/NCDC. This study was supported in part by Global COE Program (Establishment of Center for Integrated Field Environmental Science), the Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan. The first author was supported in part by the MEXT through Grants-in-Aid for JSPS Fellows (22002958). Part of this study was made while the first author stayed at NCAR/HAO. X. Zhang and J.M. Forbes were supported under ATM grant award ATM-0903179 from the National Science to the University of Colorado. We thank Nicholas Pedatella and three anonymous reviewers for valuable comments on the original manuscript. We also thank Kazutoshi Onogi and Wesley Ebisuzaki for providing information about the satellite data assimilation in JRA25 and NCEPs, respectively. The first author is grateful to Anne Smith, Julio Bacmeister, Steven Pawson, Masato Shiotani, Makoto Suzuki, and Hironori Umezu for fruitful discussions and comments. All figures were produced using the GFD-DENNOU Library. The National Center for Atmospheric Research is sponsored by the National Science Foundation.
